Abstract: The rational power sharing among different interface converters should be determined by the converter capacity. In order to guarantee that each converter operates at the ideal condition, considering the radial and mesh configuration, a modified strategy for load power sharing accuracy enhancement in droop-controlled DC microgrid is proposed in this paper. Two compensating terms which include averaging output power control and averaging DC voltage control of neighboring converters are employed. Since only the information of the neighboring converter is used, the complexity of the communication network can be reduced. The rational distribution of load power for different line resistance conditions is realized by using modified droop control that can be regarded as a distributed approach. Low bandwidth communication is used for exchanging sampled information between different converters. The feasibility and effectiveness of the proposed method for different network configurations and line resistances under different communication delay is analyzed in detail. Simulation results derived from a DC microgrid with three converters is implemented in MATLAB/Simulink to verify the proposed approach. Experimental results from a 3 × 10 kW prototype also show the performance of the proposed modified droop control scheme.
Introduction
Nowadays, development and utilization of green energy has become an important concern [1, 2] . In order to achieve coordinated energy management of different types of green energy, the microgrid is presented which is currently attracting increasing attention [3] . Most microgrids adopt AC distribution the same as in conventional power systems. However, some renewable energy sources have DC output, such as the photovoltaic (PV) system, the fuel cell, and energy storages. Therefore, the DC-type microgrid can be more beneficial in efficiency enhancement and power quality improvement.
Since the power is delivered to load from different sources through the transmission lines, the power transmission efficiency and the rationality power sharing accuracy of distribution are particularly important [4, 5] . At the same time, power electronic converters are indispensable in distributed generation (DG) due to the requirement of renewable energy regulations. In order to avoid circulating currents among the converters without using any dedicated communication between them [6] , and to reduce the line loss and improve the overall efficiency of the DC power system [7] [8] [9] , an improved droop control method was proposed in [10] . This method can be used simultaneously to compensate the voltage drop and enhance the load distribution accuracy. However, it also has the drawback of heavy communication traffic since sampled data from all the converters are needed. Meanwhile, only radial configuration is taken into account.
To overcome these drawbacks, a modified droop control method is proposed in this paper. The average voltage and average output power of the adjacent converters are selected as the control variables. Since only the data of the adjacent converters are used, the communication traffic is not so high. The information of voltage and power for each converter is transferred through a low bandwidth communication network. The influence of line impedance and power sharing accuracy are discussed in this method. At the same time, the stability of the method could be improved because the control system does not require a centralized controller. Both mesh and radial system architectures are studied.
Simulation and experimental results demonstrate the feasibility of the proposed method with case studies based on both system configurations. The outline of the paper is as follows. In Section 2 the drawbacks of traditional droop control are discussed. This is followed by analysis of droop control issues in Section 3. Improved droop control is discussed in Section 4. Finally, the simulation results are compared with the experimental results in Section 5.
Traditional Droop Control

State-of-the-Art of DC Microgrids
In recent years, with the increasing penetration of distributed sources with DC output such as photovoltaic (PV), battery storage, and the fuel cell, DC microgrids have been intensively studied. Their advantages are shown in the following aspects, including the technical considerations of control, economical operation and efficiency:
 Control [11, 12] : DC microgrids have simpler models and control since there is no phase angle, frequency or reactive power, while synchronization, reactive power flow and harmonics have to be considered for AC systems which leads to more complicated control system. Moreover, DC is chosen over AC because it facilitates integrating most modern electronic loads, energy storage devices, and DG technologies-all of them inherently DC.  Economical operation [13] [14] [15] : Economical operation in DC microgrids can be achieved without complex and computation-intensive optimization algorithms and as pointed out in the existing literature, the total cost of ownership, infrastructure, equipment, maintenance and operation are lower in DC microgrids.  Efficiency [16] [17] [18] : The system efficiency becomes higher due to the reduction of conversion losses of inverters between DC output sources and loads. DC microgrids already have a fault-ride-through capability of their own due to the stored energy of the DC capacitor and the voltage control of the AC/DC converter.
Configuration of DC Microgrids
In DC microgrids, due to the distributed characteristics of renewable energy sources, the interface converters are connected parallel to each other [19] . The configuration of DG is generally divided into two groups, namely mesh configuration and radial configuration [20] [21] [22] , as shown in Figure 1 . By using Thevenin equivalent circuits, the simplified models of a DC microgrid are shown in Figure 2 . Traditional droop control [23, 24] is widely used in the DC microgrids, which can be expressed as
where * is the reference value of the DC output voltage of each converter, and is the actual output voltage of each converter.
is the output power of each converter, m0 is the droop coefficient, and i = 1, 2, 3···.
Meanwhile, the reference of the DC output voltage is selected as 380 V [25] [26] [27] , since this level is globally accepted for standardized components with the best balance of economics and safety. Power distribution at 380 V has some inherent advantages as follows:
 Equipment costs become lower.  Distribution capabilities are enhanced.  Sustainability is improved due to reduced copper use.
. . . 
Drawbacks of Traditional Droop Control
The diagram of traditional droop control is depicted in Figure 3 . According to Figure 3 and Equation (1), the principle of droop control is shown as follows: The value of the actual DC output voltage linearly decreases with increasing DC output power for each converter. Some drawbacks in traditional droop control in DC microgrids are as follows [28] [29] [30] :
 Deviation of bus voltage is inevitable.  There is trade-off between power-sharing accuracy and voltage deviation.
In general, if the scale of DC microgrids is small, the line impedance can be ignored. The bus voltages are approximately equal and load power distribution can be properly achieved. However, if the scale of DC microgrids increases, the impact of line impedance should be considered. In this case, sharing the accuracy of load power should be enhanced.
Analysis of Droop Control Issues
The aforementioned drawbacks of the traditional droop control method in both mesh and radial configurations are analyzed in detail as follows.
Mesh Configuration
By using the listed voltage and current equations based on the multiple nodes of the simplified system models, the converter output current for mesh and radial configuration in DC microgrids can be derived. According to Kirchhoff's law, the following circuit equations can be derived as in Figure 2a :
where vdci is DC side output voltage of converter # i (i = 1, 2, 3), idci is DC side output current, vL is load voltage, iL is load side current, RL is load side resistance, rij (i = 1, 2, 3, j = 2, 3) is line resistance between different converters; Ri is the virtual resistance.
Based on above circuit analysis and combining Equations (2) and (3), DC side output current can be obtained: 
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In DC microgrids, by using traditional droop control method, accurate load power sharing accuracy can be obtained when the converter DC output power is set to be inversely proportional to the corresponding droop coefficient, the following expression can be obtained:
Based on the above analysis, it can be seen that the power sharing error can be eliminated if and only if the droop coefficient and line impedance satisfy the relationship in Equation (5). However, this assumption is only suitable for an ideal system and the practical system is not satisfied. This is the limitation of the traditional droop control method in the mesh configuration of DC microgrids.
Radial Configuration
From the simplified model of a multi-bus radial configuration in Figure 2b , the load voltage and current equations can be obtained:
Based on Equation (6) the relationship of idci and
The DC side output current can be expressed as:
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By combining Equations (5) and (8), the expected power sharing accuracy can be obtained. According to the aforementioned theoretical derivation and analysis, it was shown that droop control can induce the inevitable load power sharing error when considering the value of line impedance, and irrational power sharing can thereby cause voltage degradation. The serious imbalance between each line resistance may lead to the condition that the output power of some converters exceeds the maximum power rating, and consequently causes the failure of the converter.
Proposed Approach
In order to solve the two problems of induced traditional droop control, this paper proposes a method of controlling the average values of the DC-link voltage of adjacent converters as well as the output power to compensate the voltage deviation induced by droop control, and simultaneously improve the load power sharing accuracy. The whole control diagram of the system is given in Figure 4 . Compared to the existing method of averaging the voltage and power based on global information, the improved control method alleviates the communication traffic and further reduces the dependence on the communication system. The DC-link voltage references of the two adjacent converters are as follows:
where * is output DC-link voltage reference of the ith converter, * is line DC-link voltage reference, and are the output voltages of the ith converter's two adjacent converters, is the ith converter's output power, and are the output power of the ith converter's two adjacent converters, ki is the proportional sharing accuracy of output power, m0 is the coefficient of traditional droop control, GLPF is low pass filter introduced in droop control, ωs is the cut-off frequency of the filter, Gpiv and Gpip are two compensating terms of improved droop control: The averaging voltage controller and averaging power controller, are both traditional PI controllers. The communication delay of the transfer variable is Gd, which can be expressed as the following:
In the control system, low bandwidth communication is employed to transfer the sampling data of the DC-link voltage and power values between different converter units. Voltage deviations induced by droop control can be eliminated by PI controllers I for the average values of DC-link voltage and power respectively. However, there is a variety of renewable energy distributed into microgrids by multiple converters, which are separate and have no need of high frequency telecommunication lines. Hence, the sampling for all the transmission voltage and power between the converters will cause unnecessary errors and increase communication complexity. In this paper, there is improved droop control method sampling of the average value of the DC-link voltages and power between the adjacent converters to eliminate voltage deviations or power sharing error which are induced by droop control. Meanwhile, load power can be proportionally shared by the power compensating controller II. Finally the goal of accurate proportional sharing of the DC output power is achieved without a centralized controller.
In the mesh configuration, the communication delay is a very sensitive parameter for system stability which is shown in Figure 5a . If the communication delay is set to a large value, poles III, IV and VI move towards the imaginary axis, and the system becomes unstable. Figure 5b gives the location of the dominant closed-loop poles in the radial configuration while varying the communication delays from 1 to 10 s. Poles I, II, and V keep to the left side of the s plane, which means they do not harm the system stability. However, poles III, IV and VI move towards an imaginary axis which leads to an unstable status when increasing communication delay or encountering communication loss.
Simulations and Experimental Results
Simulations based on MATLAB/Simulink were performed to evaluate the performance of the proposed method of improved droop control, and the feasibility of the control method was verified by considering different line resistance rij, and communication delay τ, based on two kinds of configurations. The parameters for the DC microgrids system are listed in Table 1 . The differences between the maximum and the minimum value of the DC side power of different converters as well as the DC side voltage are defined respectively as follows:
where i = 1, 2, 3 denotes the converter's sequence number, j = 1, 2, 3, 4 denotes the type of specific case. 
Simulation Results for Mesh Configuration
Simulation Results for Radial Configuration
In Case 4 and Case 5, the transient response for radial configuration is shown in Figure 7a -d. It should be noted that the simulation conditions in these two cases are the same as in Case 1 and Case 2. The maximum power error ε is 793 W among the different converters. The maximum deviation of DC-side voltage among each converter is 5.4 V which is less than 5% of the rated value. In Case 6, the same communication delay and different transmission line resistance are also used. With the proportion of the line resistance increasing, the power sharing error is increased from 793 W to 2156 W. The DC output voltage deviation is increased from 5.4 V to 15.6 V. The changes for output power and DC voltage are shown in Figure 7e ,f.
In this paper, we chose the mesh configuration and the middle of the converter is not connected to load directly, the start of DC power is determined by some factors in the system e.g., the DC output voltage of two adjacent converters and transmission line resistance etc. It is more complicated than radial configuration. By using the modified droop control method, the expected results can be implemented. 
Experimental Verification
A prototype with 3 × 10 kW was used to verify the theoretical results from the previous section. The system parameters are the same as in Table 1 . The performance of the modified control system can be verified by the test results of the DC output power and voltage.
The experimental results for Case 3 in the mesh configuration are shown in Figure 8a ,b. The modified control was started when t = 0.5 s. Before t = 0.5 s, compensating terms are not activated. Hence, the power sharing error can be found. The differences between the maximum and minimum DC output power among converters is 4149 W. After activating the modified droop control method, the power and voltage waveforms are modified. During this period, the output power gradually becomes equal which satisfies the objective of sharing the proportion (ki = 1), and the system is also stable when the communication delay τ = 1 s. The average value of the DC output voltage is increased by 3.1 V and the maximum error of the DC output voltage is kept at 16.2 V which is lower than 5% of the reference voltage. The experimental results for Case 6 in the radial configuration are shown in Figure 9a ,b. The power sharing error is smaller than the mesh configuration before t = 0.5 s. The differences between the maximum and minimum DC power among converters is 2137 W. When the compensating items are activated at 2 s, the output power gradually becomes equal. The average value of the DC output voltage is increased by 3 V by using the modified control method. The corresponding maximum output voltage error is 16 V which is also lower than 5% of the reference voltage. 
Conclusions
In order to improve the overall performance of a droop-controlled DC microgrid, a modified distributed control method for mesh and radial configuration was proposed and studied. The key points included in this paper are summarized as follows:
(1) It was demonstrated that the feasibility and stability of the control system can be guaranteed with both mesh and radial configurations. (2) Local DC output voltage deviation can be eliminated and the load power sharing accuracy can be enhanced with the modified droop control method. (3) The proposed control method only relies on the data of voltage and current sampled from two adjacent converters, which reduces the stress on the communication system. (4) The control system is also stable considering the longer communication delay time and larger mismatch of line resistance.
